A B S T R A C T Brush border membrane vesicles were isolated from rabbit renal cortex by Mg++-precipitation and differential centrifugation. NCI-and [3H]glucose uptakes were simultaneously determined by a rapid filtration technique. Lysis of the vesicles with distilled water abolished 90-95% of the radioactivity on the filters, suggesting that nearly all of the 36Cl-and [3H]-glucose counts represented uptake into an osmotically reactive intravesicular space. Inwardly directed K+ gradients plus valinomycin stimulated 36C1-uptake, demonstrating a conductive pathway for chloride uptake into brush-border membrane vesicles. 36C-uptake could also be stimulated by inwardly directed proton gradients (pHoutside < pHinside). This effect was seen in the absence of sodium, as well as in the presence of valinomycin when the vesicles had equal K+ concentrations inside and out. An "overshoot" phenomenon was observed when external 36C-was 2 mM and the external pH was lowered from 7.5 to 6.0 or to 4.5. The effect of the proton gradient was presumed to be different from the conductive mechanism because (a ) the stimulation of3Cl-uptake by inwardly directed K+ diffusion potentials was additive to the proton gradient effect, and (b) competition studies revealed statistically significant effects of thiocyanate on the conductive pathway, but not on the proton-driven pathway.
INTRODUCTION
There are several coupled transport processes in the proximal tubule by which sodium is cotransported with organic solutes across the luminal membrane (1) (2) (3) (4) . The driving force for these reabsorptive processes, by extrapolation from studies with other tissues, is provided by the electrochemical gradient for sodium between lumen and cell (5, 6) . Sodium-dependent glucose cotransport has been well characterized by studies of brush border membrane vesicles prepared from the intestine and renal cortex of rat, rabbit, dog, and human kidney (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The rate of glucose accumulation, including a transient "overshoot" phenomenon, depends upon the particular anion that is present during sodium-dependent glucose cotransport (7, 8, 11, 13, 14, 17, 18) . These anion effects are the basis for the inference that there is a conductive (i.e., electro-diffusional) pathway for anion transport in parallel with the sodium cotransport mechanisms in brush border membrane vesicles.
Most of the filtered load of bicarbonate and organic solutes is reabsorbed in early segments, while chloride reabsorption predominates in later segments of the proximal tubule (19) (20) (21) (22) (23) (24) (25) . Hence, there may be chloride transport mechanisms in the late proximal tubule that are fundamentally different from those associated with sodium-coupled organic solute transport in the early proximal tubule. Several investigators (19) (20) (21) (22) (23) (24) (25) have proposed that "passive" paracellular transport mechanisms (e.g., diffusion, convection) may contribute to the reabsorption ofsalt and water in the late proximal tubule (19) (20) (21) (22) (23) (24) (25) . Alternatively, recent studies suggest that transcellular, electrically neutral transport of chloride may occur in the late proximal tubule (26) (27) (28) (29) . A specific model for neutral NaCl reabsorption has been proposed for the proximal tubule that incorporates a parallel arrangement of Na+/H+ and C1-/0H-exchange mechanisms in the luminal membrane (29) . The presence of an electrically neutral Na+/H+ antiport has been described in brush-border membrane vesicles prepared from the small intestine and the renal cortex (30) . Other studies have examined electrically neutral uptake mechanisms for various anions in brush border membrane vesicles prepared from the small intestine (31) (32) (33) , and renal cortex (34) (35) (36) . However, specific information about the pathways of chloride transport across the luminal membrane of the proximal tubule is not currently available.
The present paper describes two possible mechanisms for 36Cl-uptake in brush border membrane vesicles prepared from rabbit renal cortex. A conductive pathway can be demonstrated by the stimulation of 36C1-uptake with inwardly directed K+ gradients plus valinomycin (VAL).' 36Cl-uptake could also be stimulated by inwardly directed proton gradients (pHo [outside] < pH, [inside] ). Both 3"Cl-uptake processes can be demonstrated in the complete absence of sodium, and are therefore not coupled to sodium transport in an obligatory fashion. However, if these chloride' transport pathways are functional in the in vivo tubule, then chloride transport could be indirectly coupled to sodium transport across the luminal membrane by (a) the lumen-negative electrical potential difference (PD), and depolarization ofthe luminal membrane associated with electrogenic sodium transport (e.g., glucose cotransport), or (b) by pH gradients generated across the luminal membrane by Na+/H+ exchange. Hence, the nature of the sodium transport mechanism may determine the mode of chloride transport across the luminal membrane of the proximal tubule. Electrodiffusional chloride transport may accompany electrogenic sodium transport in early segments of the proximal tubule, while chloride transport that is coupled to the proton gradient may predominate in the late proximal tubule once the filtered loads of organic solutes and bicarbonate have been reabsorbed.
METHODS
Membrane preparation. Female New Zealand white rabbits, 2-3 kg in weight, were killed by decapitation. Each kidney was perfused via the renal artery with 35 ml ofice-cold IAbbreviations used in this paper: i, inside; Mes 2-(NMorpholino) ethanesulfonic acid; o, outside; PD, electrical potential difference; TMA+, tetramethyl-ammonium; VAL, valinomycin.
homogenizing solution: 50 mM mannitol, 2 mM Tris/HCl (pH 7.0), and 0.5 mM EDTA. The kidneys of two rabbits were removed, and the cortical tissue was homogenized in 330 ml of homogenizing solution with an Omni-Mixer (Sorvall, Du Pont Instruments-Du Pont Co., Newtown, Conn.) for 4 min. Brush border membrane fractions were then prepared by precipitation with 12 mM MgSO4 and differential centrifugation (13, 15, 17, (37) (38) (39) . Subsequent homogenizations and centrifugations were usually done in a solution containing 100 mM mannitol, 1 mM Hepes/Tris (pH 7.5), and 12 mM MgSO4. The final pellets were suspended with a syringe and fine needle in -250 Al of the appropriate buffer (indicated in text) for at least an hour ("preloading") before the uptake studies.
The purity of the membrane fractions was determined by enzyme assays. The methods and results were quite similar to previous reports (13, 14, 17, 33, (37) (38) (39) (40) (41) (42) . The enrichment of the brush border marker, alkaline phosphatase, was 10-fold (10 separate determinations), and the enrichment of the baso-lateral marker, K+-stimulated phosphatase, was 0.4 (10 separate determinations).
Uptake studies. Solute uptake was assayed by a rapid filtration technique (43) . The usual composition of the final incubation media was 40 mM K2SO4, 20 mM Na36Cl or 20 mM tetramethyl-ammonium (TMA)36CI (9.5 !Ci/ml), 0.14 mM _[3H]glucose (22 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , possible conductive entry of Na+ [30, 50] , neutral, coupled entry with chloride [28, [51] [52] [53] [54] [55] [56] [57] , and Na+/H+ exchange [30, 58] ). Therefore, to simplify the study of 36CL-uptake, Na+ was replaced by another cation, TMA+, which we assume to be impermeant (28, 55) . The studies in Fig. 2 examined the effect of sodium removal upon the conductive entry of 36C1-. The vesicles were preloaded with 40 mM MgSO4, and the external incubation media contained 40 VAL did not affect 36C1-uptake at any of the other time points (0, Fig. 3 ). The slight stimulation of-"Cl-uptake at 0.5 min probably represents conductive entry of 3"Cl-accompanied by a parallel movement of K+ through the VAL pathway: K+ entry driven by the inwardly directed 36C-gradient. Stimulation of 36Cl-uptake by pH gradients. Murer, Hopfer, and Kinne (30) found an electrically neutral exchanger (antiport) for Na+/H+ in brush border membrane vesicles from rat intestine and kidney cortex (30) . One feature of the Na+/H+ antiport was the counterflow phenomena; 22Na+ entry could be stimulated by an outwardly directed proton gradient (pHi < pH,) (30) . If the vesicle membrane also contains Cl-/OH-exchangers or HC1 cotransport systems, then a similar counterflow phenomena should be observed: 36Cl-uptake driven by an inwardly directed proton gradient (pHo < pHi).
The same buffer systems described by Murer et al. The open squares in Fig. 4B show a significant stimulation of 36C1-uptake by an inwardly directed proton gradient (pH0 < pH1). L-[3H]glucose uptake, reflecting the intravesicular volume, was also increased with the inwardly directed proton gradient (O, Fig. 4A ). These results are presented as Series A and B in Table I . L-[3H]glucose uptake was significantly increased at each time point after 0.5 min when pH0 = 6.0.
The increased 36C1-uptake seen when pH0 = 6.0 may be explained by some nonspecific effect which increased intravesicular volume (L-[3H]glucose uptake at equilibrium). Cellobiose, an impermeant triose (59) External pH has no effect on the counts remaining after hypotonic lysis (Table II) . ,hen pH0 = 6.0. These results Similar results were obtained by treating vesicles Iable I, and as closed squares with 0.5% Triton-X 100 (data not shown). cose uptake values at each Simulation of 3Cl-uptake by pH gradients: overtistically different from the shoot phenomena. The next series of studies were eries C to A, Table I , and designed to distinguish between an effect of acid cles in upper panel, Fig. 4 ). external pH per se, and the effects of proton gradients 'Cl-uptake by the inwardly on 3Cl-uptake. The pH of the vesicles and incubation pHo = 6.0) was still observed media was adjusted to the indicated values by additions volume was controlled by of H2SO4 followed by preincubation for 1 h before Alobiose to the external in-the uptake studies were begun. A single buffer sysseries A and C, Table I , tem (50 mM Hepes/30 mM Tris) was used, and the n circles, Fig. 4B ). The 120-3Cl-in the external incubation media was reduced to for L-[3H]glucose and 3CI-2 mM to increase the relative magnitude of stim-,r series A (pH0 = 7-5) and ulation (32).
30 mM cellobiose), and the The effects of inwardly directed proton gradients meation was unaffected by upon 3Cl-uptake are shown in Fig. 5 . (Note that the equilibrium values were the ordinal scale differs from that in Figs. 1-4 .) The id C, Table I ). These studies vesicles were preloaded with 10 mM Hepes/Tris external pH upon 36C1-up-(pH 7.5) buffer, 100 mM mannitol, and 2 mM K2SO4.
36C1-Uptake by Renal Brush Border Vesicles 6 .0 (series = 6.0 (L, Fig. 5 ) and pHo = 4.5 (A, Fig. 5) . The values shown in the first column (mean paired difference = 3.9+0.8 nmol/mg, n = 8, P -0.01). An inwardly 6 min significantly exceeded directed K+ diffusion PD (plus VAL) increased 36Cl-lues at 120 min when pHo uptake at either external pH (for pHo =7.5, mean paired rshoot was even more prom-differerence = 2.2+0.6 nmol/mg, n = 8, P c 0.01; for d was observed as early as pHo = 6.0, mean paired difference = 2.7+0.7 nmol/mg, uilibrium values were inde-n = 8, P c 0.05). The increases in 36C1-uptake with VAL at either external pH were not significantly difnarized in Table III . The L-ferent. Similarly, the increases in 36Cl-uptake with identical for 0.15 to 6.0 min inwardly directed proton gradients with and without to A, Table III ). The final VAL were not significantly different. These results L-[3H]glucose uptake were demonstrate that 36C1-uptake coupled to inwardly e final intravesicular volume directed proton gradients and NCl-uptake driven by media. However, the over-electrical forces utilize transport pathways that are observed at the initial time additive. These results could be explained by sumrlucose uptake values were mation oftwo distinct transport pathways, or by a single nd C (Table III) .
pathway if the uptake of 36Cl-is limited by the rate lucose and 36C1-when both of uptake of the accompanying cation. were 6.0 were measured in The possibility that separate transport pathways L-[3H]glucose uptake values couple 36Cl-uptake to electrical driving forces and to ling 120 min, were identical proton gradients was examined by investigating the pH. = pHi = 7.5. (compare competitive effects of various anions under either con-III). Although there was a dition. Series A was done with an inwardly directed uptake at 2 min, the marked proton gradient, and the results are presented in by inwardly directed proton Table V) . Vesicles were preloaded with 300 mM mannitol, 1 mM Hepes/ Tris buffer (pHj = 7.5), and 100 ,ug/ml VAL. The external incubation media were similar to those used in series A except that the external buffer was 50 mM Hepes/Tris (pH 7.5). These results are also expressed relative to the uptake of 36CI-in the presence of 80 mM unlabeled KCI. Note that the external [ Table V) : SCN-> I-> NO-= Br-> C1-> acetate > SO= > gluconate, compared with the proton-driven mode (series A, Table V) : Cl-= I-> Br-> NO-> SCN-> acetate > SO= > gluconate. DISCUSSION Chloride transport mechanisms. These studies demonstrate a conductive (i.e., electro-diffusional) pathway for chloride transport in brush border membrane vesicles prepared from rabbit kidney cortex. This mode of chloride uptake is coupled to inwardly directed K+ gradients plus VAL, presumably by the K+ diffusion PD (interior-positive) developed with VAL (46, 47) . The conductive mode can be demonstrated in the presence or absence of Na+ in the incubation media ( Figs. 1 and 2) . The inhibition of the Na+-coupled overshoot of D-[3H]glucose uptake with concomitant stimulation of NCl-uptake by an inwardly directed K+ gradient plus VAL is consistent with the electrogenic nature of the sodium-coupled glucose cotransport mechanism (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The presence of an anionic conductance pathway has been inferred from the effects of anions on Na+-coupled D-[3H]glucose transport rates and on the overshoot (7-17); permeable anions like thiocyanate, nitrate, and chloride produce larger overshoots than less permeable anions like sulfate or cyclamate. The present studies provide evidence for the presence of a chloride-conductive pathway, confirming previous inferences about the nature of anion transport in brush border vesicles prepared from renal cortex or intestine (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (31) (32) (33) . Furthermore, the apparent anion selectivity of the conductive mode (series B, Table V) is identical to that predicted from the overshoot phenomena (7-18): SCN-> NO-> Cl-> SO=.
The effects of various anions on 36CI-uptake (Table  V) represent inhibition relative to that observed with unlabeled chloride. Further studies are required to determine the mechanisms by which a specific anion inhibits 36C-uptake. Reduced 3Cl-uptake may represent competitive inhibition at a particular anionic (Table II) , and (b) the stimulation of 36Cl-uptake could be dissociated from changes in intravesicular volume (compare series B and C, Table  I and A, B, and C in Table III) .
Our present studies do not permit any definitive statement concerning the mechanism by which 36Cl-uptake is coupled to proton gradients. Two possibilities could explain these results: electrically neutral transport (i.e., HC1 symport, Cl-/OH-antiport), or conductive transport driven by an interior positive H+ diffusion PD due to the inwardly directed proton gradient. The latter explanation requires a parallel conductance pathway for protons through the membrane. Previous workers have concluded that the Na+/H+ antiport is electrically neutral, and that the protonic conductance of the brush border membrane vesicle is very low (30, 58) . If this previous conclusion is correct, then our results cannot be explained by electrical coupling between protons and chloride. However, the anionic conductance pathway complicates any further interpretation. For example, if a protonic ionophore is added to an imposed proton gradient, then transport of 36C1-via its conductance pathway will occur, regardless of the intrinsic mechanism of coupling of 36C1-uptake to the proton gradient. This is not an issue in studies of the Na+/H+ antiport because the sodium conductance of the brush border vesicle appears to be very low in the absence of cotransported organic solutes (30, 58 Table V . SCN-is a lipophilic anion, and is the most effective anionic inhibitor of 36C-uptake in the conductive mode (series B, Table V) . If the proton-driven mode is an electro-diffusional mechanism, then one could predict that SCN-would also compete for 36C-uptake in series A, Table V . In fact, SCN-does not significantly inhibit 36Cl-uptake in the proton-driven mode, whereas in the conductive mode, SCN-significantly inhibits 36C-uptake (mean paired difference 12.2±4.0%, n = 5, P < 0.05). These results imply that the proton-driven mode of36Ch-uptake does not represent a conductive transport mechanism. However, it is possible that proton gradients may affect 36Cl-uptake by changing the membrane PD. Complete resolution of this issue will require measurements of the membrane PD during the course of 36C1-uptake. 2 Physiologic roles of chloride transport pathways in the proximal tubule. The possibility of neutral NaCl transport has been previously considered in the proximal tubule. Berliner (31, 32) , and Green and Giebisch (62) have pointed out that a parallel array of Na+/H+ and Cl-/ HCO-(or OH-) antiports could accomplish neutral NaCl transport. A neutral NaCl transport model has been proposed for the proximal tubule that uses anion exchange mechanisms in the luminal and basolateral membranes (29) . Anion transport inhibitors (furosemide and a disulfonic stilbene) markedly reduced reabsorption of a sodium chloride solution in microperfusion studies of in vivo rat proximal convoluted tubules (29) . The present study provides evidence consistent with an electrically neutral anion exchange mechanism or HCI cotransport in the luminal membrane of the rabbit proximal tubule; the stimulation of36Cl-uptake by an inwardly directed proton gradient is consistent with either process. This mechanism may operate in the late proximal tubule when the luminal concentrations of protons and chloride have increased with respect to the initial glomerular filtrate. The parallel operation of a Na+/H+ antiport and a Cl-/OH-antiport would accomplish neutral NaCl transport across the luminal membrane of the proximal tubule (29, 31, 32, (49) (50) (51) , and provides a role for Na+/H+ exchange along the entire length of the proximal tubule (29 (31, 32) are analogous to the counterflow effect of proton gradients on 22Na+ uptake (30, 58) except that the direction of the proton gradient is reversed. These observations support the thesis that transport of sodium as well as chloride may be coupled to proton gradients across the luminal membrane.
Other workers have proposed that sodium chloride is transported across the luminal membrane of the proximal tubule, intestine, rectal gland, and gallbladder as an electrically neutral ternary complex (28, (51) (52) (53) (54) (55) (56) (57) . It is possible that this additional form of transport couples chloride entry to the sodium gradient across the luminal membrane of the proximal tubule. Our results demonstrate coupling of 36C1-uptake to proton gradients, but the possibility of coupling to sodium gradients has not been directly examined. It remains to be determined if 3Cl-uptake can be directly coupled to transmembrane sodium gradients, or if the coupling is indirect and accomplished by means of the Na+/H+ antiport. 3 The electrogenic sodium transport mechanisms in the proximal tubule include sodium-coupled organic solute cotransport (1-4) and simple rheogenic sodium entry (50) . Conventionally, the accompanying chloride flux has been ascribed to the paracellular shunt pathway (19) (20) (21) (22) (23) (24) (25) . However, the present studies suggest the possibility of electro-diffusional transport of chloride across the luminal membrane. If the luminal membrane is relatively depolarized during electrogenic sodium-coupled cotransport, then chloride flux may proceded from lumen to cell. Once the filtered load of organic solutes is reabsorbed, chloride flux through the conductive pathway may cease, or even reverse. The latter possibility would result in a dissipative flux of chloride from the cell back into the lumen.
The direction of net electro-diffusional chloride flux out of the cell would depend upon the relative conductances of the luminal and baso-lateral mem3Kinsella and Aronson (58) examined the Na+/H+ exchanger in brush border membrane vesicles prepared from rabbit renal cortex. They did not observe any effect of external chloride on 22Na+ uptake (Fig. 6 [58] ). Their results do not provide any support for either model ofneutral NaCl transport (e.g., ternary complex, or parallel exchangers). However, their studies were not done under conditions which pertain to the late proximal tubule (pH. < pHi).
branes. Electrophysiologic studies of the proximal tubule have suggested that a conductive pathway of bicarbonate, but not chloride, exists in the baso-lateral membrane (20, 63, 64) . Thus, if there is transcellular electro-diffusional flux of chloride, then an electrically neutral mechanism needs to be considered for its exchange for bicarbonate across the baso-lateral membrane (29) . Recent studies of the Necturus gallbladder have suggested that chloride conductance of the basolateral membrane is low, but may increase if the cell is depolarized (55, 65) . It is presently unknown if the anion conductance pathways in the proximal tubule are controlled or influenced by the cell membrane PD.
Reuss and Finn (66) described a chloride conductance pathway in the luminal membrane of Necturus gallbladder. Other studies have demonstrated that the intracellular chloride activity exceeds its predicted electro-chemical equilibrium value in the proximal tubule of Necturus (28), gallbladder (51, 52, 54, 55) and intestine (57) . If applicable to the mammalian late proximal tubule, these findings imply that (a) the chloride conductance pathway may be inactivated in the late proximal tubule once the filtered load of organic solutes (e.g., electrogenic sodium cotransport) has been reabsorbed, or (b) the dissipative leak of chloride from cell to lumen may be limited if the cationic conductance of the luminal membrane is low or reduced in the absence of organic solutes. Sohtell (67) has reported that the intracellular chloride activity is at electrochemical equilibrium in the rat proximal tubule. He did not localize his impalements with respect to proximal tubule length so his results cannot be fully interpreted.
Finally, it seems likely that the overall conductance of the paracellular shunt pathway is greater than that of the transcellular route. However, the ionic gradients and electrical driving forces are very different across these pathways so a detailed, quantitative analysis would be necessary to fully assess the contribution of each pathway to transepithelial chloride conductance.
